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(54) Fiberoptic interferometric sensor 

(57) An optical fbennterferometric system includes 
a pair of single-mode, polanzafaon-preservtng fibers hav- 
ing distal ancJproM'malends. the cladding ofa selected 
portion of one of the libers having been removed to allow 
an evanescent portion of a light wave traveling within the 
fiber to interact with any medium surrounding the 
selected portion of the fiber. A light source for producing 
a light of known character is coupled to thepronrnal ends 
of the pair of optical fbers for ir^odiicing a source signal 
to the pair of fibers, A reflector at the distal ends ollhe 



optical fibers reflects the light from the distal ends jiacte 
toward the light source. The return signals ^e usejl to. 
construct an interferogram which is observed, to detect 
any modulation in.the the phase of the light signals. The 
modulation is examined ratiometjically to derive, a 
change in the index of refraction of me, medium surround- 
ing the selected portion substantially free of any enyiroii- 
mentally induced phase noise! 
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Description 



The present invention relates to a fiberoptic sensor 
system for biomedical and other uses. More particularly, 
the present invention relates to a fiberoptic sensing sys- 
tem which utilizes a comparison of phase of one .light 
beam relative to another, with one ottjie beams being 
sensitive to an analyte, and the other beam being used 
as a reference. The phase comparison is accomplished 
by an interference technique. 

In conventional fiberoptic sensing systems,' light at 
one or more wave lengths is transmitted from an optoe- 
lectronic base unit to a distal sensing element through a 
fiberoptic light guide. The distal sensing element is 'situ- 
ated within an environment to be analyzed. The sensing 
element modulates incoming light in knoym p^cpoftiQn 
to the presence of one or more aralyfe^ ilpit are situated 
within the environment The mojd^^'pg^'^'iiiefli 
returned to the base unit through the same ir^^be^rcpr 
tic fber, or through one or mae aKerhaiive f l^&^he^ 
level of the analyte or analytes may beirifeiredby quan- 
titative assessment of the optical intensity returned from 
the sensor to the base unit with respect to the optical 
intensity transmitted to the sensor. Systems.; employing 
quantitative optical intensity assessment are herein 
referred to as intensity modulated sensing systems. 

In one prior art intensity modulated sensing system, 
the sensing element consists of a reactive chemistry that 
is disposed substantially entirely within a hole formed 
inside a distal end of a muttimode optical fber itself. Light 
at one or more wavelengths is transmitted fromlhe pro* 
imal end of the fber to the perforated distal end where 
the light interacts with the reactive chemistiy which can 
be composed of a fluorescent or optically attenuative 
material The magnitude of the fluoresced erntssion. or 
the extent of the optical attenuation by the atlenuative 
material, is generally proportional to trteccncerrtratton of 
a particular analyte that is in contact With the dsJaTehd 
of the fber. The fluorescent intensity, or the degree of . 
- optical attenuation, can be measured by irWfriiments 
located at the proximal end of the fiber. 

One probtem associated with conventional intensity 
modulated sensing systems of this type is" that the mod- 
ulation of the right can be affected by factors other tharr 
the concentration of the analyte. If the muttimode optical 
fber is flexed during transduction, some of the Gght trans- 
mitted to the 6ensor may be lost by conversion of guided 
modes within the fber to radiation modes: Additionally, 
some of the light returning from the sensor may be lost 
by the same mechanism. This loss of light may be incor- 
rectly interpreted as a change in analyte concentration 
because a correlation is being made between the level 
of the analyte and the degree of light modulation. In fact, 
all factors affecting the absolute magnitude of the optical 
enemy travelling within the fber may be incorrectly inter- 
preted by the system as changes in analyte concentra- 
tion. These factors include, but are not limited to, 
variations In illumination intensity, changes in transmis- 
sion at fber connection points, and intrinsic changes 



within the sensor such as optical bleaching of the ill OrW- 
nated material. ..... , ; 

Another problem associated with some intensity 
modulated sensing systems is the very low overall cper- 

5 ating efficiency, often less than 10" 10 . This extremely low 
operating efficiency puts severe constraints on the sys- 
tems. In order to maintain an adequate sign^-torhoise - ; - 
ratio under these adverse conditions, high intensity iliu- 
miration (e.g. laser or arc lamp) and . high efficiency; 

10 detectors (e.g. photomultiplier tubes) must be used. 
Complex and expensive wavelength selection devices' 
are often required in order to optimally match the illumi- 
nation to the sensing material. Because of the spectral 
energy and efficiency characteristics required of source 

is and detector, attempts to" convert conventional intensity 
.modulated sensing systein «xnponen!§.to jsoljd state 
optical devices have not been particularly Wcce^ul in 
the biomedical sensing . arena . 
Some of the probiems.asWiated 6omeir^erh 

so shy modulated sensing systems canbe overcorro' by ' 
employing a single-mode ppfarization^preserving , 
f beroptic waveguide to form an Jnterferometric sensor 
system such as is shown in U.S. Patent 4 697,876. tn 
such a system, light from a coherent source such as a ; 

25 laser is directed through a beam splitter which sends half - 
of the light into a reference fiber and the other half into a < 
sensor fber. The sensor fber is coupled to the environ- 
ment sought to be measured so that the phase of the" 
light is modulated by an environmental signal. The light 

so in both f bers is then recombined by a second beam split- 
ter and fed to a photodetector responsive only 1o the 
ampBtude of the combined signal. The sj&errris ' 
adjusted to generate a sharp null with aiiy change in 
environmental condition being reflected in a non-nun sig- ' 

35 hal. While such a system enjoys significantly enhanced 
sensitivity to environmental signals over intensity modu- 
lated sensing systems, the system as a whole "exhibits 
other problems due to the rvtablvZehnder bor^ratjori 
of the systemsueh as the need fr> 6pticd detec1ors #rt- 

*J uated at tne^distal'ends'bf '-^ft^^trnWAibf^'- 
very complex signal processlrKjaJgcdthms to provide the 
desired quantification of the non-null signals. 

It fe therefore one bbjert ot tne present inv 
provide a f beroptic sensing system which does not refy 

«s on intensity modulation to determine the concentration 
of one or more analytes. 

Another object of the present invention is to provide 
a fberoptic sensing system which is insensitive to envi- 
ronmental and other ;noise sources. 

so Yet another object of the present invention is. topro- 
vide a f beroptic sensing system that has an efficiency 
level substantially greater than conventional fiberoptic 
sensing systems. 

Still another object of the present invention is to pre- 
ss vide a f beroptic sensing system that employs very sim- 
ple signal processing algorithms to quantify the 
measured changes. 

According to the present invention, an apparatus is 
provided for detecting a change in concentration of one 



2 



3 



EP 0 722 081 A2 



or more species or analytes in a fluid medium. The appa- 
ratus includes a first and second singlemode optical 
f toer, with at least the first optical fiber having a sensing 
portion allowing a phase modulatipri of a guided light 4 
wave travelling within the fiber by the medium surround- 
ing the sensing portion via the evanescent component 
ofthewave.''TOeapparatiJsal^ 
dugjig a light of known character into both the first and 
secgnct optical ftoeni AddiSorMily, means for optically " 
mbd||g light emitted from the first and second optical fit> 
ersjsprovided so as to develop a fringe pattern whibh is 
characteristic of the mutual phase between the light in 
the two optical fb^rs. Means for observing the fringe pat- 
tern are provided so that reproducible characteristic 
changes in the pattern maybe related to changes In aha- 
lyle corK:entration. While the focus of the present inven- 
tioh*,is principally on In vivo detection and measurement 
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15 



of the concentration of one or more species or analytes, 
the. apparatus can also be used to detect physical effect^ 
suclpas pressure, teniperature, stnd strain, and the' . 
intended use of the apparatus should not be viewed as 
a limitation on the scope Of the present invention 

Unlike conventional intenshV 'i^u|ated..ser^ng. 
systems, a fiberoptic sensing system of the present , 
invention does not rely upon amplitude modulation Of the 
light wave in the optical fiber, whether by an analyte or 
by any intermediate reactive chemistry. Instead, the 
present invention measures the analyte concentration by 
comparing, the phase of two well-characterized fight 
beams relative to each other. The optical fiber carrying 
one of the light beams is sensitive to the analyte as wed, 
as to nose sources, while the optical flier carrying the 
other. light beam is sensitive only to the noise sources.. 
The level Qf the analyte can be inferred by opt^lly super- 
posing the two fight beams to derive an interference paF 
tern dependent only op analyte concentration. The r^rise 
contribution appears as a common, mode signaljh both 
light beams and does not affect the injecference pattern. . 

...The phase comparison is accomplished by direcWijj' 
thejgB^enpep^^ 

tori„ and trie retattve spatial positton ol,;the fringes ccf- 
related to the phase between the mixed beams, with the 
ph^lproviding art iridicatjoh Of th^ analyte level, By 
pha^e-modulabng the guided wave through interaction 
with. the evanescent component of the waye,,bfjitfcai 
attenuation may be reduced to arbitrarily towlevefsl By 
utilizing phase rather than intensity measurement the 
mi^iirejnent of analyte level is rendered insensitive to 
energy loss due to ftoer bending and other intensity mbd- 
ulatjrjg effects. 

^jhe overall efficiency of the system according to the 
present invention is sufficiently high to permit inexpen- 
sive and reliable solid state components to be used 
throughout. The interference method provides 6^hsifjvi|y 
at levels arjproechihg the limits of known technology. 
This eliminates the need=for high power illumination of 
the sensor. The measurement method is wavelength 
insensitive, at least to first order, so long as the wave- 
length selected is not close to an absorption peak of the 
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analyte, thus allowing infrared laser diodes tope utilized ,,, r . 
as sources and germanium- or silicon-based photp sern- 
sors to be utilized as detectors Because these types of 
solid state components are widely used in v^n^us indus- 
tries includirig the telecomh^icatJc^'irkiiisiry, the low 
cost and re&dy availability of these elements makes them 
highly desirahle for use in systems of "tKe present inven- . 

eon. ■ ;; w '.., v : ; ' r :r ; :"; J 

In irterrerorn^ters such as, .are used in thepi^ent . \ ' 
invention, thepf^eoftheligMbeam in the sensing ftoer J ' "... 
will be changed whenever ^ 
fiber, is changed. It will be underetood that optical pajh 
ler^tetha^ 

length. A change; in either refrac^ 
path length creates a change in the op^ic^ path 'fen^. ! ;, 'C ^ 
An irterter^rrethj sensor rhjjst p^^e\ae cs^^p^" ^ 
optical path length n^^atton ^a^y^^'^f^a^Je^'; . „ 
level. Thisp^caJ length rncdulation cSri Be ■■Jg-itl'- 
pl'ished by 6 ^rtsor wNch is sensitive to p^icaj e||en- 



sion of one of thefber arms tb r chang.e r the,phys^pa ) th: ' | ' 
length. Generally, 6uch physical Mer»lbn!is ^clfdeved by' „ v . : ! 
changes, in i pressure, _ temperature, etc." The preJpjgtVf ' 
sensor, howev,er, is one jri which, the change ih.,opt)^lf „ , 
p^ length due to^a C\ 
external rne^um.. \ ~. ' JZ, / ^ ^ 

One feature of systems of the presort inveh^'on B^ f 
.thatthefirst^ , 
allows an evanescent pora3n,of the'guid^a' waye travel-" ... ^ ^ 
ling wrthth the first f toer to interact with. any medium surv . , , »• 
rounding this /sensing portion, "the. evanescent''* !J$S* 
. component, of the" light wave will expejience'ayekx?ityl 2gi ' 
'change with any change In the index of refrac^o^^hf 
medium surhxincSr^^ ' 
change is necessarily expressfd v as a .Change pf,phaslie, ; ' c 
; c^thep^Wedligrrt^easa 

turbed beam trfyelljng in the..)seco^^ " 
changes in analyte (xmcentration are normally accari- ' '. 
pjmied by refractive^ irriex..?na^ K '" 
' range, thd system is therefore rendered' &i&itiv& to~ theT nj: _ 
level « a^ytepre^ert,^ 
, fV ' One advantage of this feature Is thai by'exp^n^, ... r-'^ 
~, ..only the.evanesc^Tt porton of the guded Dg^ wave%; ' ^ r 
the surrourir^rig riradiuhi, theRghtbram re^ha^t^ipecf . 
wrtWn the confined core geometiy of the ft^|r^ doeis "J : ' : 
not tend to spread into the mediurn'as is the caee ^ntrj^ ~ l l ' 
conventional end-fire georneWies., " ^ X ^ _ 

Another advantage of this feature isjhat the fimited k ' ' 
penetration depth of the evanescent wave irto the 6ur- 
rounding medium reduces the optical attehuatipn whiiih 
k associated with the passage of ligM fhrough ar^r 
medium, thus pern^ttihg a lower-power httjaj ilUriiiria- 
ton. J ' ' ' 

Yet ariother . advantage of this feature is that the 
decreased energy flux and shallow penetration de0th . 
cause less cpft^ny-iriduced degradation of the sur- 
rounding medium, an effect axnrnonly ascrtoed to the 
formation of free^radicais during the process of f ibbres- '"': 
cence and mrnrnbnly called phc^ctieachihg. The reduc- 
ton of this photobleachihg coefficient allows: the use of 
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low-concentration Indicator species and extends useful 
lifetime of the sensor chemistry. 

A major aoVaritage of the invention is that anaiyte 
chemistries exhibiting absc^nce changes rather than 
fluorescence changes can. also be used, since absbrb- 
ance changes cause, ch^es in refractive index . 
AbscrbantcherriistheWerri^ 
fluorescent chemistries and are thus more easily incor- 
porated into system designs: Further, at w^elehg^is ' 
associated wrth absorbance peaks in the spectrum," the ' 
retrace index cari change 

in chemistry in the anomalous dispersion r^ictt. ' " ' * ; ' 

Another feature of systems of the present invention 
is that means is provided tor Introducing flight of Known 
character into both singlemode' fibers, principally by 
deriving each beam from thesame cbherenf source,' •eygf- 
a laser. One advantage of this feature is'that any change i ' 
in phase cannot be "due to ! 'a fluctuation of • the'light ' 
sources and must be due to a chang e inthemeciiiiiTTSur-' '■■ 
rounding the sensing portion i Which can' belated fo'a ' 
change in analyte concentration. ■ 

In preferred embodiments .of the present invention, 
at least a first optical fber contains anelliptical core find 
a rotationally asymmetric cladding. One feature of the 
foregoing structure is that by providing an elliptical core, '' 
polarization of the guided wave within the fber is pre- 
served. An acVlitfonal feature of thVibreg/^ struetoe 
is that by providing "8 f^tfohaJly asyVnfniBtic i^rJciir^ s : 
the cladding can be gradually removed in a symmetric 
manner which Will expose one side of the core whfle still 
maintain^'a p>ti6n ^ the dfidding arourid ttie remain-' 
der of the cdfe fi retain the necessary structural integrity 
of thefber. ' * ' ' - ' ' ■ "- 

Also aaardnjg to the p/es>rK^im^r)tibn, amethbd of ' 
detecting a change in cwv^entration'daji aralyte li a 
fluid medium is provided. The method includes' the steps 
of: : ; ;; ; ;; ; ;; / - ! ' 

6ubrrfe#rfl&por^(b( ahopticatfb^Ml^ 
medium; " \ f:.' ■ ' ■ ' 

Irdrcducirig a right' of known chalac|er irfto the 
optical fiber; and , v ; v ' : : * : f :- ! -;-;.^<- 

observing the phaseqf the Bglit'to'thecptlcaflw 
60 as to detect a change in p^e due fo; ^ 
analyte concentration In a fluid mediijra ^ . '" ' ' - 

Thus, the present invention provides an apparatus 
and method for determining theccocentationof ah ana- 
lyte by utilizing afberOptte sensing Systerri wWch"r#ies • 
upon phase comparison to determine the concentration 
of the anaiyte. The system ufaikes tKe evaneeceiit wave 
portion of the guided wave to permit the guided' wave to 
be sensitive to refractive index changes in the^ external ' 
medium, The evanescent wave thus interacts with the 
medium to produpe'a guided w8Ate;pria^;?diffeVeiw 
which is analyzed to determine the analyte concentra- 
tion. - : ' 

Additional objects, features, and advantages of the 
invention win become ap^ 

upon consideration of the following detailed description 



of preferred ernbodiments exemplifying the best mode of 
carrying out the invention as presently perceived. 

FIG. 1 is a diagrammatic view of a fberoptic inter-: 
ferometric sensor accdrcfirnj to the present invention. ' 
s RQ. 2 is a much enlarged view of an etched optical 
fber with a light wave^^ 
thereto. . ; 

- FIG 3 is a 'detailed Ivie* -of the etched portion of the 
fbershowninFIGL?:' •••■•';•;' 
i& - ;'"' FIGL 4Tsa sectional view of one emboolmerit for a 

• ~ Sensor for use in the Resent invention. - - 

- •'""'*'• FIGL- 5siis a perspective vi^ d ah'op^c^ fl^p're^ 
! ferred for use* in the present invention with the thic* p& 
ymeric buffer or jxcte<jtive coat not shown. 
is FIG. 5b teapeaspecWeWewof an etching^ 
• ♦ • which can be usee) to r modify ttie' opticaKf^-shc^-oi- 

Fia.5a. yx:\~''-;t - '•■ .'.''„■ ■■■ : ' :•' ^ [ :':fz * 

v FIG. Se ts a perspective view of the fiber shown kr 
FIQ. 5a follovvirig an et^irig process. - 
'60' ' 1 ' RQ.^'is^-cJiagrarf^fic view'bY'afaiercpW^er^ 
ferometric sensor according: to the present inventrcVi 
employing multiple wavelengths. V 
FIG; 71s a much enlarged view of art etched optical " 
fberwitii itwp light vvavesGnagrarnmatk^lly^cvminrela- 
25' tiOn thereto. ' ; " ' r ': : '^ : r ;:- ; 

FIG. 6 is a'dagrammatic view of a fberoptic ihief-: v 
ferometric sensor accorcGng to the preset 1 invenlkiri' 
^ employing multip^oyre^e^ig*s. : " 

FIG. 9 is a cfiagramniatic view of a fbercptR; irrter-' : 
30 ferometric sensor accordiig to the present invention 
enploying appa/ate for oj# eoiation of mesOurce. • 
FIG. 10 is a alkgrarnmatic view of afbercf^ Triierf ' 
ferornetrto' serisol according to the' ^ present irnrerffion 
' e^rptoyinganomerapiJaratiJsforopt^ 
35 source. ■ --"•,'■•* ■< ■ 

RQ. 1 1 is a diagrammatic view Of a fberopifc'TiTfeV- 
ferometric ser^sof accordng to the pesent niyentidn^ 
' employing yet another apparatus for op^cal Isolation W f " 
the source. "' f ' ' '' y '*' : „" ' ' " ' '-'- v '- 

40 RGL%1^iskcMc/aitar^ 

tern for deVstr^hg |rt ^Int^eMce'^f leid^f^'k^^'-' 
'■■ ' 'direction of phase change cap be determined: - • : 
" ? y ' ^ FlG. ;t 1^Js^"dtigrarrinatjo 
';• '.' tern for develppirig anoft«Me^erence field from which- 
45 the directioh of phase change can be determined. 

FIG 1 3 is a alagrammatic view of a fberoptic inter- 
ferometric sereor accordin^to the present Invention •* 
7 ""^mploying^ 

metric signals to evaluate both- the source and the arta- ' ' 
so jyte. - : -- 

FIG 1 illustrates rfiagran^tically a basi<J fiberoptic 
Interferorhetrlc sensor system 10 ^in accordarwe with the 
present Invention. The systehi 10 i.s based upon the;prin-'' 
dples of a Michelson^ype interferometer. The s^ 10 
55 includes a laser diode source 1 2 whtoh, in the preferred 
errtxxlirhent, can be a solid state infrared laser diode. 
Such infrared laser diodes are commonly available in the' 
telecomrnunications industry, and several are adaptable 
for use with the present system 10. Such infrared laser ' 
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diodes generally exhibit a high efficiency, low Rpyvej: ... ; . by the superposing of the sensing and reference beams 
requirement,- long life, some wavelength tunability. optj-, ; , at the coupler 20. The amplitude of the superposed wave 

cal coherence, intrinsic polarization, high brightness. - , detected by the detector unit 36 at any instant in time 
compact footprint and low cost - ; ^ represents the relative phase between the sensing and 
A sing|ermpde optical fiber. 16 is provided which 5 , . reference beams, for a given polarization angle.of, each 

receives .the output of the laser diode source 12. This.. . beam. If the optical pathlength travelled by cfie erf 'the. 

source optical -fiber 16, -is connected, to a commercially .beams is smoothly altered.by one-h^, wavelength, the 
avaBaJ3l%fiberoptic coupler 20 which, as will Wunder, . . ', 7 relative phase between thg two b^anre wSl.move from Q 

stood bythose skilled in. Ihe ,art,- cfetribuies the input to 2n radians in a sinusoidal fashm, This will causea 

beam into two or more output fibers- The coupler 20 pre- to change in amplitude ot,the superposed wave detected, 

serves the phase.and frequency information of the input by the detector unit 36 analogous to that which wouM be;, 

beam, but atreduced amrtfitudehe<»use the input light, detected by ortliogcin^y trave^ 
is spBt between each of the output fibers. b\ the IllustraV ' field obseWed. in tiltedrw^ 

tive embodirnerrt, there are two cutputfibers ?4 arid 26.v wavelength repeat^period is due to the dc^bie^as^ ' 

Specifically, fiber 24 is referred to as si sensing ffcer and is nature of Micnelsonjnterferorneters, ■'„.'■'.': 
f ber 2R^eef erred, tp as a reference fibje-r. Bom fibers 24 : For completely coherent se^r^ a^^^ef^enqe 

and 26 are single-«rKXieoptic.fr^^ although not ; . . .. beams of equal power at identical polarizaticW a^l^. 
ne<!essaiily:iderrti<^inw 

1 6. Additionally, all of the fibers 316, 24, and 26 are pref- . would occur with jhe ; resulted intensity crf.me, supw- 

erably polarization preserving «i bers, that is., f toers in. so. posed wavemovingbetweenzero and th.e input Intensity' s 

which the, polarization of the laser beam is preserved. of the source as a function of the phase. p>nvert*6naBy : .' 

One particular a>nf ig^on.forlhe f ibers"l6, 24. and 26 , • a , visibi%,coefficient is i-usWas* jneasure of the^er^ 

to achieve this pdarizatf on r^ .position efficiency ot*perfectness:. The vfetoijit^/coeffjV* 

be discussed below in relation to FIG, 5a. . . -dent is unity, for. p^ec^ cortstru^ 

The sensing fib^, 24 has a sensor element 30 2s interference are! reduces ta^^ 

ated at its distal- end. In the broadest sense; me sensor . decreases. Any decrease in su^^^ I 
element 30canbe v some typeof ser^ngf^um. which . generaBy attribut^e taTO 

is positioried adjacent the distal end of the sensing fiber unequal power, or cc^e^^nr<>aJarKe betwe^ *aU 

24, and which reacts with an ahalyte in a known manner., , two beams. " v ( *;*" 
to effect a ren^ctrye irxiex. change in the sensing 30 The output bWn carried on fiber 34' re#e$entirig 

medium. Mernatiye^tiie sensor element 30 caabe an me optical sup&position of the sensing 8j^ ref^e^§ 

aolacert volume^ afluid ha^a retra beams impinges \rpcjn detector. 36 y^ie(> de^c^tajv 

will change in a known manner as me conc«^on of . output electrical signal 38 proportional to <the incqjRing 

the analyte. changes. In. either case/trus refractiyeir^ / optical intensify of the superposed beamf tthe'detec|or nv 
change in me sensjng metfum or se^ 

be detected by exposing the evanescent portion, of the .... results in a change] in the output 38 of tWdefect^unit.' 

light beam to the sensing. medium. Th e use of only the 36 which is ais^a^ 

evanescent portion of the wave and ; its characteristics, ; ; ; .'reflecting the halfrwavelend> praseretatjon of ttahter-,.' 
wBI be discussed below in me discussion rela^ 

• 2 flnd3 *«'-:*. • ,-v^te-v - V pathjengto %exp(^^ 

The/eferenca ; fl)er 26has£ jjeterenee element 32 . Vi resulted ajychar^emtha^ 

• 8 *^4te*^.end, gothmartarancaffaerjte.arft , lngelemert30..Thus.mecbf^ 

*e sen^.fibef^ generally ternJinae ^ end face . ., conseciueiitiyameasurefl^ 

reflectors (not shown) wWchrev^tlieclirectidnof the en analyte can be obtafoed^ ^ 
beam carried wrthjn each fiber, end/edirect tfie bea/ns 45 The Mchelson jnterfejorrtetw 

backtowad the coupler 20, At courier. 20 the two return- FK3. 1 has advantages over other types of WerferornC 

ing beams are maed. or.mpre corrjctly superposed with etere. First, having eiidf^^ 

respectto each other, so that a comparison of phase can effraction of beam propagation and redirect it bacfo," 

be iradaThe phase relation is characterized by an inter- towardsthe source permits thef^eridqto be situated, 

ference field generated by the autoconelation « the two so in an anaryte pool while the ib|^ec^^.'t^'in^(^r^ 

retuming ; beajTO. example the laser diode 12 and jdetectpr; 36) may be" 

fined in single mode fibers, there fe no relative ttt located at a remote aria This is in^aajtiatt Wftfefe'' 

between the two beams, and the interference fiekJ gen- ^erirtder configuration, where the cfrt^cjetec^ /r^ ' 

erated exhibits a "recorrblnantsp^ be situated at the > distal' ends oil the fibers. Second,, 

fringe" appearance. . ss because the light trayerees the sarr\e length of f^ twice. 

A detector unit 36 is provided which is attached to . , in the Michelson-tyrM irrterferorneter. the optical pathway 

m outputof me coupler 20 by optical fiber 34 which need ! is made twice as sensitive to parhjrbation? as cornpared . 

not be polarization preserving. The optical fiber 34 and to the single-path design of the Mach-Zehnder inteder- 

detectorurft 36 ^^recahre the r«x>rrt)inedwave generated cmeter. Third, the eritire ^length ^^bfffcerb^eenthecou-' 
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pier 20 and sensor element 30 or reference element 32. 
respectively, is or can be made interferometrically sensi- 
tive, allowing coiled-coil sensor designs exhibiting 
improved sensitivity compared to short Fabry-Perot hurt* • 
tiple-passcavrti&tfaiteria^ 5 
ference pattern generated by a fvBcheteon configuration 
is a well-characterized sinusoid. Other types of interfer- 
ometer cortfiguratfons result in more conplex patterns: 
which require;- more complex signal ^ooessTho; afgo-"- - 
rithms to be utilized to provide the desired rfteasuremerit 10 

As indicated previously, itis possible tp construct a y ' ; " 
sensor for use in the present invention inwnlcfr&^ri^d " ' 
in optical path length is achieved by a change in physical 
path length: For example, "if an enzyme Is attachedtothe 
fber in one arm of a fiberoptic rrrtedensrnetef and the is 
enzyme is permitted to convert substrate intaprb^tiet * 
the generalry exofherrhicrea^ ~< : 

in local temperature. This temperature irtcreaSS wift s 
cause the optical fiber to expand and-thereoy 'effect ; -a" 
physical path length change. This occurs fc£ ! exanip(B * „ 
with the oxidation of free glucose to hydrogen peroxide 
arid gluconic acid in the presence of glucose oxidase ! 
attached to the fiber However, as can be understood 
from the previous discussion, ah interferometric sensor 
which relies solely on physical path length change is llrii- is 
ited to detecting cftartgesiri physical properties'such as 
pressure; teht>erature. and bendirtgonensflestres£A 
sensor based u^retoetive irxietfrriWulatton is riot Rhv • - 
ited to strictly physical property changes in the surround- 
ing environment, but can also be applied to so 



trate the distribution across the' diameter of the fiber of 
the optical energy being transmitted by the fber 44 

FIG. 3 illustrates in greater detail a portion of the 
etched area 50 that is shown in FIG, 2. SpecificaJry; FIG 
3 illustrates s^ematicilly thd tfis%buti6nof the optical 
eriergy within the lightwave'52. ThepOrtfehctfhe^ergy 
outside of the core 48 is defined as the evanescent field; 
and is identified byihentimber 58r The ^Wea field% 
; is the portion of the ightwaye contained within the core 
48. It is generally understoodlr^ about 30% df a optical 
i energy ftowing-m a^rlgteriiode optical fber is present tff 
the evariescerfffield f 58wM^^ 
energy Is cbrtialneb: In the guided field 60. deperiderf 
upon deveJopm^ of a stable prided mode, fber niifner-t 
teal aperture, cutoff wavelength, and V-parameler. The 1 
evariescerit^eiapenetratiori depm cohtrbtietfby ' 
6 number'^ 6t lM6rg*imW\ritf wavelength, exteVftel 
" *refractive 4 ihc&^ 
•power, etc.'" '■ •'• * - -> ■ ' - - ; ■;'•;■> 

* the evanesceitfwaVepcrtiohoflhffright wa^wWin-the 5 '" 
fber 44. the fber 44 must be etched to either expose" the ''■ 
core itseff.-or etched to a point where the majority of the 
dadding has been removed such that the evanescent 
wave extends thrdugh' tne remaining dadoing aricf 
Iherefore accessble'With access to t^^^ 
tibn 58. refractive Index cHahgei In th> surtouhblhg 
medumcaHaffi^^ 

light wave 52. Witha refractive ireiex chahge in : trie sW-' 
rounding rnediqm thus resulting in art optical path length 



or analyte. Thus; any change in analyte levet which 
results in a' change in the refractive irtdex of a sensing 
medium can be measured. 

A particUlariy advantadfebus design is an interfere- <35 
metric sensor based upon refractive ihdex rnbtfulatton 
utilizing the evanesce portion of the guided Ggfrt wave! 
It is krwwn that the evane^ 

guided wave consists' of a ttaveOr^ wave ^extirlKfir^ ,i ' v - 
. beyond.the coYe7cfa<Srtrigr^ 
medium propagatiitfai a trav^ - 
dinal direction of the optical fber. Theevariescent portion ' ' 
has a BesfeeW br MathTeu ft^w 



change fbr^the evanesc^fiortion d the warye, theerjfire' 
light wave'52 whhift thefber 44feaffecteo x thus cretitng * 
a phase cTrfference which can be mealed by the sys- w 
tern 10 niostrated Tn Fia'1 f^rree refractive ihdexhasari ' 
intrirteic effed cn cptk^ pa* length, it is more seriSrove 
and henca more refiabry measurable by-the systent id 
than indirect or extrinsic effects such as the thVrtiaT 
eSrpansioritt^ 

cose oxidase sanso?? • •■ -• « »•- > 
^*FIGfrflfaslr^^ inttfnsta sensor cxxifigura- 

Hon whk^ can be irfiiized ln the system 10 MustrM 
FIG. 1 , ^ Specfflcfilly, 'f^^friustiatesapVe^eWiso^ " ; 
'84 which; tf wilPbe ^ - 



tude asymptotically approaching zew WhWn ohebf twO dement 30 Cf FIG. 1: the pressiire «erisor 84 duties 
wavelengths in the transveree direction. Thfe Is h con- <5 a sensing element88 which fe attached to an eridpbrfioh 
trast to theoTscretized evanescent fields associated with 86 of the fiber 24. As bah be seen In FIG 4, arnajorpor- 
step-indexmulfirr^ewiB^desof ^ lion of the Cladding 90 around the end portion 86 of the' 

the evanescent inteh^diicpe exponentialVlntothe less " A ' » 'ibeV r^ bWrenib^ by efctimgbr other rneans?and 
d«« «feds ra - a » s^m^^i^. wi^:.;,.. ^ senGfh^ demerit 88 has been placed in the^area' 

where the'cladcling 90" has been removed. K will be 
'urderetoadlfet^siijfncierrt ^ 
has been removed to l expose the evanescent waVe com- 
ponent of the guided ^e'(^ed fey the fber 24. fri the 
iHustratrve errtooarrieni a photoelastjc elertwnt96 haV 
been placed around the etched area to form the sensfnd 
etemenf 88. A reflector 98 is positioned ^^af the end of the 
core 92 to feflect the I-beam back toward 
20. A filer bnd 100 is provided to provide structural 
integrity to ^the pressure sensor ^84, protect reflector 98. 



dense medium at each cladding reflection and, "except 
for the smaB, finite, Goos-Hancheh shm\ doesiiot prop' 
agate as a favelind wave in the longitucirhal direction: ' 
Access to the evanescent wave cart be accom- 
plished wrftfti^ entry frrtc^ fii|^ odre of lhe» ci^dal fibA; 
FIG. 2 illustrates a section of a singlerriode optic fiber 44 
which includes a outer cladding 1 46 and an hrfer core 48 
An etched area 50 is illustrated where a majority of the 
cladding 46 has been efchetfaway to leave orily a small 
layer of dackfing surrounding the core 48. A single wave- 
front 52 of a Bght wave is shown schematjcaJy to ifJus- 
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and prowkJa a smoothly varying cross-section for optimi- 
zation of hemodynamic flow parameters.: , . 

Illustratively. therjhotoelasticelemerrt96, composed 
fa example of. a material such as gallium phosphide ■ 
(GaP), undergoes a propagation constant change upon s 
exposure to pressure. the ^ evanescent, portion of the 
wave carried by tJie fiber 24 penetrates into the pfKK 
toelasticelemert 96 where 

propagation constant of the, nr^erial.,ln the absence of 
an applied pressure, the effective refractive index of the , 10 
sensor portion 3Q te.d&ermjned |?y the integrated corrtri- 
butions of .core index 92. residu^Uu^ng Mex 9darid 
surrouncnng p^otoeiastte element Index 96. Trie sensing 
wavetraveNinginfber24th^ . 
phase relative to the reference wave travelling in firmer 26. is 
Upon appJicatjQn of a pressure.to^the sensor, the. pho- 
toelastic ; cor»sta/itr^ 

by an amount proportional to. the magnitude and direc- 
tion of the applied. pressure. Tte inte^rajed refractive 
index through which the sensingjwave passes is there- so 
fore altered, producing a cpr/esponding change In the . 
relative phase between the. sensing . and reference 
waves. The change , in phase relationship may beT 
detected at :unit C&arterj(iixing of the two waves at cou- 
pler 20 as discussed previously, and the change in phase zs 
ronelatedto the applied pressure. ^ , 

Theellem«H96qarjd^ 
meaUetoonewnwreg^sesofjrrterestsuch.a^ 
dioxtda In a porymer,such as rjoryacrylarride, theiulk 
refractive index may become a function of gas concert- 30 
tration or partial pressuralon-permeaWamembranesor 
membranes semjijenroableta selected species may be 
added to sensing ejemerit 96. Completely iir^^fcable ". 
coatings, e.g, metals, are preferred in the caas of atem- .. 
perature .sensor, where element 96 would consist of a as 
(»rnpourxJ seleded for high refrar^eH/Sri^ variation 
with appliedterrpenmire, Specifically, the elen^coufd 
consist of, one or rrex.e organic solvents s^ , 
rometnane, tricrdoroethylene,, or^te^ which 
- - .aBpossesWeas^i^j^ 40. 
coefficients,. .. ] ,.■ ' .. 

Various^otiier.cherhlcaJ arjid^ochemk^'reaction^ . 
are krowrj. Which <Jause,a jch^ge in the bulk refractive . 
index of materials, which can b$. used in therxesent 
invention, in general, the wavelength of the fight used In 45 
connection with any 6uch sensor can be selected to tie 
in the normal or anomalous dispersion spectral regions, 
rjutsr»cftjldnolbe.exactly 

6ince the anomalous rJ^persjo^ i a>effic)erit undergoes 
little change with, absorption r^Oefficjent at this wave- so 
leng^ Jh^rxejer^e^o^^ 
at the maxirnum rate of change cichemlcal absorbance 
with wavelength, which generally occurs between about " 
1 and 25 nanometers to either side of a spectral absorb- 
ance peak. - "._ 55 

<>ieprrjblemasscoiatedwithetdiingafberasiljus- 
tratedinFIGS.2-4. isfMtwhentlieclaxfding46isetehed 
away to reveal the core 48,thefber loses substarrBalry 
an of its ctrangih.°ieinrj.i8 bn9akableL It will be under- 



stood that the core 48 is extremely small in diameter, and 
has almost no strength when unsupported. Thus, etch- . 
ing as illustrated in FJQ. 2 is generally undesirable, r^ _ 
ticulariy vvhere the.eteh^ 

human body tpmeasure.the leyelof a bxx^ fluid comp^; , ■•. 
nent. etc. One way of ottteSnjpg access to the evanescent ^ , 
portion of the wave travelling within a ffoeris to start with „. .......... 

a D-shaped fiber as iHust^tetj in FIG. Set. < <, ^ 

Specificajly. FIG. 5a illustrates a Drshapedftoer,64 , .. 
which includes a cladding layer 66, and an elipticaBy 
shaped core 68. The tibe[ ; .64 has a flat side 70 whfch is ; 
closer to the core 68 than the opposite curved ^de 72,; 
Because less cladding material 66 is present betweeri' 
the core 68 and the flat side 70. etching of the fiber 64 
in an etching bath, such as a hydrofluoric acid etching, 
bath, results in an asymmetrical exposure, oif the core., . , 
The flat portion 70 etches down to the core.6Q, so a^to.' >; 
permit exposing a p°ftipn of the eranesi^ r^on oT c ' \ \- 
the guided wave, whjie trie remainder, of the titer is rot - s 
significantly weakened. ; in t)iis.^crfng j^ess, ^ .'. 

shaped fiber, is available, fro^n And/ew ^^^^',^1^ 
OrlandPark. Illinois, which" is'sujt^ 

FIG 5b niu^tes'the etching pnoj^ess, and^p^c^-J; >s . 
cally illustrates an etching sojutfoij 74 co^hMrn a'opo-* ". i- 
ceramic container 76. Illustratively, the etchijija solution \ ., * ' 
74 is a 1OTW0% hydrofluprfc 

the etching, a saitforf pf 'toe.; , . 

immereed,inih|q^ . . 

which can be between about 5 and 45 rrir^e^VrJejjeto-0 . 
ing on acid concentration, temperature, etc. Thrsperipiij \ t , 
of time is cfictajed by the time necessary taetch the; claof^ '* : 
ding 66 away -from theflatsfcie Tpof the fa^'.^u^a ' .; ; ( ' * » . 
suffident'r^'oii^t^e^ 

ur*'ltheclaWng^fe'rem6V^ ^ " \ . 

cent portion of ' the gujjcted : wave}cfy^ 

One method, d deterrninipg the pro|$r^ arrtoui^ .of ' . . ..„■ 
time for keerjing the ^ 

to use the ^erfiBrorri^ric slenswiyjst&rftf) Blu^raj^lr? ; •;' 
FK3. 1 aspreviously.rief^ 
.etched is;tifM^^^f^j2^ 
the evamscem waVBLis exposed; th6 iigrrtbearr^.^tMn' , . ( . v 
of the f bore 24 e)xljg6 wffl Ibe at ^ to^r^se^^crif 
ship. Assopnas'thejBvahe^^ '"]. 
by the etching process, ^the phase T^a]9br^R : w|1 .* 
changa This change in pMWreJatk)hshipwi!!becau^ ^ 
by the evanescent wave pbrtiori being exposed to. and ' 
being affected by, a refractive index cnarige r created by 
the etching solution 74. Thus, as 6odn Wthe chartge in , 
phase relationship is i identified, oriecan remove the filer " ' 
64 from the etching solution 74 and stop theetcrtingrxoc> V 
ess by Immersion into a dilute alkali such as aqueous 
sodiumbicarbonatefdlowedbydistilled water The etch- 
ing process can be taken to any arbitrary depth in this 
manner, ensunng that the requisite portion Of the'eva- 
nescent wave has been exposed. ']\ ' \ \ ; 

Fia 5c illustrates an etched ffoer 78 which has been 
etched according to the procedure described above. 
Amxiugh na 5c illijstrates that the core 68 has been 
exposed, it will be urKJerstood that a ! smafl portion of tne 
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cladding 66 can remain over the core 68 and ^tHl have 
the evanescent wave portion accessible. A sensor of a 
type previously discussed in connection with FIG. 4 cart 
be added to the etched D-shaped liber. Atterhatrvelyi 
after addto'oh of a reflector 98, the etched D-shaped fiser s 
can be merely immersed in an environment of interest 
which is expected to undergo changes in bulk index of 
refraction with the result that the changes can be directly ' " 
detected by the exposed evanescent ^'portion bf-the 
guided wave. * 10 

Although the embodiment described above relate' 
to a workable sensor system which cajvbe'utilizecl to 
measure the analyte:ccfK»ntratlOn or level Within the 
body, or in many other types of environments, there are 
certain problems associated with such' a sensing sys- is 
tern. One problem associated with single-mode fberop- 
tic interferometers is the extreme sensitivity to optical : * 
path length changes due to the transduction being 
accomplished by <»rnparing the phase of two ultrahigh 
frequency fight beams. Various environrrWn^' e%e^' v ''» 
can cause extraneous rjhase changes, including atrribs- 
pheric pi«^4^Vefi^^4Vh&^i c^calcoh- 
nector movement and uridesired light source variations. 
These extraneoiii phase changes are collectively' : 
termed "phase noise*. ' •• & 

Most phase noise can be mfnimiied by exposing 
both arms 24arxf26 of fo e interferometer shown Tn FIG. 
1 to the sarne erWirtonrnent This can be accomplished ' ' v ' 
byewelqpirigbbfoarms24a^ 

of identical length, in a common sheath or covering, or ' so 
by bonding the dacUirig of the two arms 24 ajlcf26 
together: Further, all p^tvsteal ntodiffcaliOTO'cajfrfed put 
with respect to the sensing arm 24 should also bVcalrrlikl ,v ' 
out with respect to foe reference arm 26. This includes 
any chemical milling or etching to expose foe evanescent 35 
porfonofthecjulde^^ 

arms. Both milled « etched I portions should be encased 
in material of st^lai.^eady-slate i$fractive : tod&. forth 
similar cfiffusipn ! coetrkSentsfor t|ie 3 ai^e'o< tr¥eiea, : -" 
ternoerajuVe, refrpdiye '^i^o^l^^^^^-^ 
Only tr» fr^erlaJ on itfie sensing' ^'24 'iyfoiricfbe" v, -' > ' 
treated to possess tte analytkspi^^ 
to enhance the change fn refmcGvelndex bi the presehce ' ' 
of the anajyta Tills generally ensures thai both arinswil) . * 
be exposed to similar environmental effects such as <5 
pressure and temperature changes. 

This does not eliminate the phase i noise problems in ' 
environments where flier bending can be expected^fof 
example, to hospital bedside monitoring devicee where 
the optical fibers connect the optoelectronic base unit to so 
the patient Bending of the fiber within toe arms of an * 
interferometer can cause phase noise large enough to : 
obscure ahah^hrJuced. optical pith length changes. 
Despite bonding or common sheath envelopfng id the" 
two arms, the fibers are susceptible to bendtog noise ss 
whenever the fibers are deformed. Under almost any 
bencfing stress, the bonded fibers net^ss^V experi- 
ence (frfferent strains since each fiber is located at a 
slightly different radial position iwith respect to the center 



of curvature of the bend. The different strains translate 
into different optical pathlength changes for "each fiber ' 
under the same bendng' condition, 'leading to phase 
noise, ft is impossible to effectively eliminate all mechari-- 
s foally-induced phase noise from a f toeroplic'irrterferbm- • 
eter through mechanical conformation atone, even when 
the arms are coiled around one another or are formed 
as a co-extruded coaxial waveguide * 
One method of cornpensatirig for environmentally-' 
io induced phase noise is to use a multfoficity of illumination 
" sources, each Mftfplexecr onto the interferometer to 
' order to effects i hitkimeiric me^sVement Demultiplex- 1 ' 
ing the different waves after sive^^the>n at &xj^er 
20 relies upon various different attrfoutes of the waves* ' 
is themselves. The three primary attrSxites of an electro^ 
_■• rragrtetic wa^ : a>e 

* - tton ajigle, with aJrother attrbutes (e.g., wavete^th. 
speed in^giveh medium, etc) being denVeiPto, some 
6ensefrom the tofeepnrtiary attributes AcooralKgly/one 

so 'fracoir^Kat^ 

ometer with one or more known attributes'may be used 
in a ratiomeiri'c stabilization scheme, witodemultiplexihg 
effected via optical of i^etfronicc<)rrqx>nents designed ; 
to extract one r^bular wave "based ipbn foe defining ' 
as attribute of that wave: Any of the defining i attVit&^of an" ' 
electromagnetic wave can be used to selec&e1ymjfti'-'> 
ptex and demultiplex foeassoclat^ 
Ject to the ; ^ 
; device capable of Discriminating between the various 
30 multiplexed waves On fo e basis of that attribute. 

For example, two' be^^ 
, ; each at a different frequency rcolcHr*. dire^y related to • 
wavelengfo)eM& : 
ferometer via - source/fiber 16. 'Boto "beams uixlei^d^ - 
35 reflection at the tehninal reflectors 98and recorhbihe^t 
coupler 20. as be^ 

at each frequency reefing In two ovenaid. J aiiriear inter"- ' 
Jlen^gram^ * 
rnjnation sdj*ce.;B^*toear Werterocjrarns ^aie f toeri 
jjassedto^g^^ 
" ' selective filter. haMng a passband nominally located : at : 
the .^erwavelar^itlT of one ' 6T toa two soliScesv'fe ^ 
" ' T^cedih'frcfl^^lfie1e«or linit^. then the detector is 
; rendered seteithm'oriiy to the interierc«ra^ derive^ from 
is toe associated source and not to'the coGnear inteVfero- 
gram. " r ' '' : 

The princjjde of superposition guarantees that 
.. mutual Irterfefence between the two cdinear waves 
Pfppagattog to toe Waforbmeter cannot oc<^: Thiis. 
w p|a<^eritc^ awW^ertgth^ectrvefi^ 

* ;eimiriates toBVx>itr^Wbftoei^ 
altogetoer. If toe~fiteypassban^ 
second way^enpto may propagateto the detector yifiileV 
the first is blocked, then the same situation pertains for 

« the Second interferogram. 

A workable ratidirletric system may be obtained by 
splitting ftoer 34 as shown In FIQ. 6 by coupler Urirt 42 
intO'flbenj'33 and 35 Qlurrdnatfhg separate detector unite 
37 and 36. respectively. The detector units 36 arid 37 
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incorporate^ wavelength .selective filter 41 and. 43. difference is maintained throughout the interferometric 

respectively, designed, to accept one wavelength but system. 

reject the other Wfeves from two sources 12 and 13 are ft is known that the D-shaped fber discussed previ- 

coupled to source fiber .16by.coupler,unit 22 and by fib- ously is capable of propagating light aligned along both 

ers 14 and 15, respectively. The waves frqm the two 5 theiriajoraixlmirK>raxes(rf^ 

sources propagate through the^ystern at rfiftejent wav* ted from a single laser source is spUt into two beams 

lengths, causing imerfer^rams tabe ^ which are rxjlarized at 90° with respect to one another,; . 

wavelengths. Each detector 3^ggd 37, receiving ojily the D-shaped f ber wili propagate the two polarizations, 

one of the two interferograms ttirgugft the filters 41 and ,, ; along the v two orthogonal axes without allowing cross- -. 

43. develops an electrical signal |3 and 39 indicatiye of 1Q polarization iiiterference.,to occur. Even under highly 

the interferogram of .one r^c^ wavelength. Erpflrpn- adverse bending conditions, the mixing of the light prop-^ 
mental phase noise a«ecjts bo^rterfexpflrams fjdeally,. . . . agating along suchajfberat these t^cftnG^ial.pctai> 

equally) whereas the, sensor pcftion 3Q,<^ be con-. ,. bations Is negligible. The separatlort tendency, is so, 

structed so as to differentially affect only one of the inter- strong that the fber jtself will separate a single beam 

ferograms. The instantaneous ratio of both interference is launched at a 45° orientation to either axis into equal, 

signals results, in recovery c|J^ differential arialyte- independently propagating, pojarized jxxnpcnerits , 

induced signal while the iiptrvjy^ncx^ environmental aligned with the major and minor'axes. Th)s erirnhates; 

phasenpfee is suppressed. ^ NearWe>?acj suppression of the need for any separate device to CTeatetwborthbg^ 

bending noise can be accorr(^|j^_|)e^iuse the ' colin-, nally polarized input beams frc^ithe laser source.' Two " 

ear waves now prc^gatCin tj^sarne fber core, guar- 20 detector units may be used,, as shown in' F»Q. 6. except' 

anteeingjdentteal benjj radius \6^ait>^^^,'B^'(i' j that the filter elernents 41 and 43 r are iWf^a^atic^ 

the two waves. ; * 4 sensitive rather thaa wavelength s^nsitiye. Furtt\e^. the ; . 

In practice, the phase sensrfiyity (i.e., change of wavelengths and vvavejeno^hd$pe^ 

phase for given optical pathlength change) is found to be sensitivities of the two rx)larizattor» are idenfical,/ : i .'. 

linearly dependent on wavelength. The dfterertial sert- 25 , . As before, the sensor rxjrfon ^ 

sHMty of orie wavelength jejatiye to the other is control- structedso as to differentially affect, the two pol^rjzafjorsi .;. 

led in part oy ; the evanesjcent penetration depth of that This is easily aiixxjr^ii^^ 

-particular wave. Adeepry penetrating evanescent wave tion depth o£ the polarization 

portion will give rise to a greater phase shift for a given is greater' than that of the other polarizafioVwhere trie., 

refractive index change than w|l a shallow evanescent 30 two polarizations are of equal power. Variatipri iri tlia rel-J 

wave portion. As indicated previously, evanescent wave atrvepower lWd of me tmp 

penetration depth can Decontrolled by a number offac- by modifying the initial launch angle to be o^er'th^Jt5f^' 

tors, including actual ^v^ength, extemaJindex mis- Thus the beam aligned with the minor .jjxfe'.'is 'u§(^|p 

matching, selectiye reflectance coatings, source power,. detect analyte-irduced signals vrfiicti arefhenmeasur^cl, ' 

etc. v.. , .. •„.;,; .. 35 by comparing the phase of the eJetfricaXsigr^ &aird !. 

FIQ. 7 6dne^Bcally illustrates an example of differ- . 39 representing the irrterferpgrarre 

ential evanescent penetration depth in a fber section polarizations. Since the wavelengths of the two. polar^; , 

150. Thefber se<rton150 iridiJdesacore 152 ard dad- ttons are identical, ttie problem of different ratip^ 

ding 154 whtoh has,been etched in i an etcfced portion , v^elengtte 

.156. m|Wu|tra^eJi^^ 1601 fe. f? . Alternately, .three i^r0c^^0^^^'be i l 

Illustrated which has a sr^owje\^esoent r^elration i used, each at a different wavelengm se^ectecfro cqftV . 

depth, and a second wavefrony 62 Is Blustrated which pensatefwthedifferingpr^esa^ 

has a relatively deep eyanesc^.penetrai^pn. depth., 4t length. F(G. 8 illustrates diag^BhTrnatiica^ 

will be understood that the second wave 1 62 would be an interferometric system i 1 6 wfiljh ytjlSes three differ- 

utjKzed as the anafyte. wave, and would experience *s ent wavelengths derived from three laser sources 11£, r 

greater phase shift for a given refractive index change 114, and 116. In this ernbodiment. the first lasersource" 

than would the shallow penetrating wave front 160. 1 12 produces light of a first wavelength X., ihe second' 

A ratiornetric sy^embasedypon two sources of drf- laser diode 1 1 4 produces light of a second wavelength" 

ferent wavelengths vpll not oc<^fetently produce perfect Ji^and the third laser diode 116produces light of a third, 

cancellation of environmental.phase noise because of 50 wavelength V The three wavelengths, 31, X,, arid X+, 

ttodffierent sensitivities cctferr^^ are routed through a fber optic coupler 126 and then 

lengths themselves. It is therefore preferable to use through the coupler 20 into the sensing fber ; 24 and the^ 

sources of the same wavelength in ord,er to eliminate this reference fber 26. Although tight at aJl.tJirea waveiehgths 

enorandrdyonanomerattributefOTdscrir^ X, Xo. and is confined within the same singiehmode 

means for discriminating between waves of the same s$ fbers 24. 26, there is ho interaction between the three 

wavelength is their polarization. Two waves derived from different wavelengths themselves because of the lack of 

the same source may be multiplexed c*ito ard demutti- mutual coherence. 

plaxed from one interferometer if the polarization angle Ught at each v^elenp^ is subject to stress- 
ed each wave rfrfferetjy a measurable ajnoum.ajdrf that induced phase shifting within the fbers 24, 26 due to 
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bending and other environmental factors. A fiberoptic 
coupler 128 is provided which can provide for a demul- 
tiplexing of the three wavelengths X., Ao, and ^ . with the 
separate wavelengths then being directed to a first 
detector unit 1 32. a second detector unit 1 34, and a third 
detector unit 136. respectively. Demultiplexing may 
occur at the coupler 128 which itself may be a wave- 
length-division demultiplexer, or at detectors 132, -134. 
and 136. each of which can contain appropriate banoV 
pass filters as discussed previously. Outputs Dt.t^; arid 
D 5 are then provided by the first, second, and third detec- 
tor units 132. 134. 136, respectively. A ratiofrtg technique 
can then be utilized to compute a compensation factor 
for stress-induced disturbances within the fibers 24 and 
26. 

In order to effectively eliminate stress-induced errors 
including bending errors, all three wavelengths must be 
exposed to the noiseinducing path length changes such 
as by bending, but only one of the wavelengths will be 
exposed te> the analyte-induced pathiehglhchangeil^n- 
general, attributes of the three wavelengths used in the 
method illustrated hi FIG. 8 shouW'be controlled such 
that the evanescent wave penetration depth of the cen- 
tral wavelength V is greater than the amplitude of either 
of the other wavelengths, V ahd FbV instance, the 
polarization attribute of the central Wavelength may' De - 
selected orthogonal to the other wavelengths, such that 
transrnisston of the^ 

the second major axis of the electrical polarization-pre- 
serving fiber core while the other two wavelengths prop- 
agate along the first axis. Abo. to compute the 
compensation requires that ah three wavelengths be 
equally spaced from each other; although no restriction 
is placed on the absolute value of the wavelength. A 
monitoring and autocorrelation of the wavelengths can be 
achieved by posrtiortng prwiodetectbrs 142^. 144. arid 
1 46 at the end of fiber 1 48; The photddetectors are cou- 
pled to at least source 114. through feedbac*<»ntrollO(^ 
149, for ensuring that the proper wavelength relations of - 
the three sources are rnaintaihed. ^ ,r> >* 

AB of the various systems' for dealing 'with phase 
noise assume that the source -or sources emft fight of 
known, stable character. Hbwever; 'each' apparatus 
shown in FIGS.1 , 6, and 8 directs an Interferogram back 
to the source as wefi as to the various detectors: The 
returning interferogram will enter the source or sources 
under arbitrary conditions of phase and amplitude 
depending upon external phase noise as well as analyte- 
induced phase modulation. In general, such arbitrary 
energy introduction into a laser source is known i to desta* 
bilize the source causing mode^hcpping; fine broadening 
or narrowing, and large amplitude fluctuation* This is 
particularly true with narrowband sources, which are 
generaDy preferred in the present invention, where the 
total length of fiber travelled by the wave is much shorter 
than fhe longitudinal coherence length df the wave' itself. 
In order to avoid this undesirable situation, some isola- 
tion means must be employed to protect the spectral 
integrity of the source. 
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FIG. 9 illustrates an embodiment wherein the laser " 
source 1 2 can be isolated from any returning power from 
the interferometric system of FIQi 1. In the preferred 
embodiment the laser source 1 2 is a laser diode To pre- 
vent the return of any portion of the reflected energy into 
the source, an isolator unit 170 consisting of a magnefo- 
optic device 174 and polarizers 172 and 176 which 
together have the ability to transmit light with low loss in 
one cBrectibn, but effectively block fight In the opposite' 
- direction. Extinction ratios i>f-30 dB to -7a dB are possi- 
ble with single or cascaded isolator units of this type? 
" Thus, the laser source generally functions as though no 
light were returning from the interferometric system "I 
Another method of Isolating the laser diode source 
from returning radiation is to utilize a pulsed laser or prcA 
' vide some means by which the energy is gated between 
' "-the laser 12'and the inpt^.fber 16. In the emboififneht 
;" ; shown In FIG. 10. the laser energy is gated between the 
' - 1 laser 1 2 arid the interferometer by a long length of single 
'so <- rrKxfe, polariz'afJ6r^eserving optical fiber 182 acting as v " 
a delay element 180. the laser 12 is pulsed or gated 
such that the laser returns to an "off" state before the 
laser energy has traversed the delay line arid ffrterferbm- 
eter in both forward and reverse directions. The laser is 
therefore rendered Insensitive to the returning radiatibn; ; 
even though the returning energy impinges upon the las- 1 
ing cavity of the diode 1 2. For a pulse length bfO.1 micro- ; 
seconds, which is typical of conventional comrrnjnication 
grade diodes, a delay fine length of about 10 meters 
would suffice to prevent back-reflection from entering the 
active diode. 

FIG. 1 1 shows an alternative method using an ultra- 
fast electro-optic modulator or switch 184. This type of 
modulator is generally composed of an implanted series' 
of wave guides in lithium niobate or other electro-optic 
substrate. Picosecond switching times can be achieved 
by a modotatorof this type Which wodd allow the use of 
short delay line elements. An input fiber 16 having' a 
length of a few centimeters could act as thed^yele- ' 
merrt'art^ Ag^ 9*1 1 ; ehow ^single freqflefi^'eys- ' 
' s tem but It «HI be dappf edated that a rnjltiple frequency 

' system co^ t^ 
A - ' / filustrated. VaHous % Tneane ; for isolating the source other 
*' than those discussed in connection with FIGS. 9-1 1 may 
also be apparent to those versed in the art. 

Another problem presented by sensor systems of 
the present irrvention relates to the inherent bidirectional 
information flbwbccuririg in Michetson interferometers. 
The imerferogram produced by a narrow-band coherent 
source such as agas laser or laser diode is composed 
of a constantarr^itudeyrwsoidal intensity variation as' 
discussed previously. If this output is allowed to fall onto 
a single defector, onty a scalar representation of the 
phase information may be derived. i.a one value repre- 
senting the relative phase difference between the sens- . 
ing and reference waves, ft is necessary to add a second 
detector to the system in order to derive a vector repre- 
serrtetjon of the phase information, i.e. both relative 
phase difference and direction in which the phase is 
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changing., This allows measurement of, or differentiation 
between, variables which may increase or decrease from 
a steady state value. The second detector, while 
exposed to the same irrterferogram as the first, must be 
positioned90degreesapartinphasefromthefirstdetec- 5 
tor in order to properly derive the directional information. 
The 90 degree phase separation is generally, termed a 
"quadrature" condition. However^so long as the two 
returning sensing and reference beams are confined in 
single mode fibers, the interference field generated w 
exhibits a "recombinant spot* rather. than "parallel fringe" 
appearance, and quadrature deregulation is not possi- . 
ble. 

FIG. 12a illustrates one method of developing an 
irrterferogram from which directional information can be is 
obtained. The returning senangyand reference beams 
are directed parallel to each othedby two f bers 200 and 
202 separated generally by less than about 1 mm. The 
returning coherent beams emitted from f bers 200 and 
202 combine in space to formaihree dimensional inter- so 
ference field in which detectors 204 and 206 can be posi- 
tioned to detect the direction of phase change. For a 
sinusoidal irrterferogram with distance between fringes 
of 6 mm, a quadrature condition corresponds to a detec- 
tor spacing in the fringe field of n5/4, where n is an integer 25 
multiple 1 . 2. .... While the width and spacing of the inter- 
ference fringes can be modified by varying the separa- 
tion and titt between the ends of the f bers. the free-space 
mixing zone detracts somewhat from the accuracy of the 
information when the phase shifts are smaJ. due to envi- 30 
ronmental influences. 

• Alternately, a three-dimensional irrterferogram can 
be generated by positioning the two f bers 200 and 202 
so that the end-firing beams intersect at a partially 
reflecting mirror 21 0 as shown in FK3. 1 2b thereby devel- 35 
oping two Michelson interference fields A and B. The 
detectors 204 and 206 can be positioned in either field 
to detect the direction of phase change. In both methods 
the two detectors are positioned with respect to each 
other and to the interference fl^d so that they have a *o 
quadrature phase relation to one, another as detailed 
above. Whie only two detectors ; are shown, additional 
detectors can be included in thefjelds tofrtprcve the res- 
olution and accuracy of the measurements, tt will also be 
appreciated that directional phase information can be *s 
obtained from the source as well as from the anafyte. 

FIG. 13 shows a hybrid Michelson/Mach-Zehnder 
interferometer 186 in which thre^imensional interfero- 
grams are employed to obtain t^espectral signature of 
the source 1 2 as well as the return signal. In the illus- so 
trated apparatus, splitting of the^signaJ from the source 
12 occurs at coupler 20, while extraction of both the 
source and return signals occurs at couplers 190 and 
192. In the case of a laser diode source 12. the relative 
phase between the sensing and reference waves prop- ss 
agating in the interferometer may be controlled by injec- 
tion current and temperature modulation. However, such 
modulation affects the spectral signature of the source 
In a known and reproducible fashion. The spectral sig- 



nature may be completely characterized by Fourier 
transformation of the quadrature-phase signals at out- 
puts M3 and M4 taken from the Mach-Zehnder irrterfer- 
ence field 194, This technique is ajhilar to that useci'in 
Fourier transform Infra red spectroscopy '(FlHRjahce the 
autocorrelation and spectral density functions are a Fou- 
rier transform pair as - described by trie Wienef-Khintch- 
ine theorem: CoritihubCis information regarding the 
source spectrum is important when on-line imerteromet- 
ric phase adjustment is necessary. ' 

In the reverse direction, waves rxopagatlng i'bac^:'. 
towards the primary coupler 20, after reflection at sens- 
ing and reference pojrtipng 30. a^aje : pertalj^ extt^ctep!;. 
by couplers 190 and 192 to form a second irrte^erienc^ 
field 196 from which quadrato're-phase signals fvf t and 
M2 can be obtained. These waves have made a double- 
pass through the sensjrjg;afid reference rxxtipns 30,32 
and thus the agnals and W refj^ tf# dc^,epa|s 
situation. The Sgraj$ $i \^^^n%t^a^^$gl^. 
resolution directional demodulation with ratjomofrfc 
means added I to 1 the system for. environmerrtal; phase 
noise suppression as previously discussed. The remain- * 
der of the energy prcipagating bjjck towards the;TOurce'~ 
along the sensing and reference arms i is Ccherehtty 
mixed at coupler 20. and a penary "reccn^bjnant spot" 
Michelson irrterferogram ^rned e^ 
mary irrterferogram can be usedin concert with ithe cfirecS- 
tional information descrtoed "abw 
resolution assessment of analyte^induced phase modu- 
lation. v . ' ' v ;'; ' ' ' C'.^S''^ ': 

The errtire irterferom^rtrte system to, o*eY Jhan the 
sensing arid reference arms 24 and 26, can be%$ne^ecf 
using implanted wavegui<te|echnplogy. with laWiffoaV 
sources, d^ecjor^^^ 
grated onto the same sutestrate. Tnis 'etectr 
would then be connected to the sensing and refereiice 
f bers, with the only other connections being thq^eelee- \ 
trical inrxite' arkf outputs requir^d' by th£ ! ^r^1r$ £ 
detectors. Likeise, wMe 1' onfy '¥\^S. ^"al&Tsl^ 

using o^jadratUe^6rrKxJ(Jlatk>n to o^erorje jK§ 
tton of sensed change in optical path length clue na', 
change in refractive index, Other <systerrisi&^M^1Se 
this same technique for obtaining this and other informa- 
tion. Additionally the quadrature denxxtola^on Seabed 
in connection with FIGS. 1 2 and 13 can De coupled with . 
the triple wavelength phase noise reductoondescrfeed fc 
connection with FK3L 8 to isolate and accurately rrieasure 
changes in analyte refractive index sensed by the eva- 
nescent portion of guided fight travelling within the 
f beroptic system. 

Although the invention has been described in detail 
with reference to certain preferred embodiments and 
specific examples, variations and modifications exist 
within the scope and spirit of the invention as described 
and 86 defined in the following claims. 
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Claims 

1. A meth^ of preparing an ^ca^f^ 

ferometric 5ystems..oorriprising the steps' qf : . - 

a) ^electing a si^ , \ 
serving fiber having an as^metriQ dadcling; ^' . ! 

b) introducing aiig^ol1(rami.6nar^^yQfJii^ • " ' 
opfcalf^arxiobservu^me^ •' k 

c) inb^udHgj a ie!^^^ ^>orB<m ch^ Wiai f ib^ friio " J 

a medium capable of etching away the daddihg^ •», 

. and ' ' ''•"'- ' " - 'is ' J " ' ■' 

d) withdrawing the {fiber froA ttie meal^ : alter' r " " ' 
SeilSii^' ah optica^ > f ' : ' '*•■ ■ 
irti&ucetfintDfhe6p%<&f^a^ ' f 

2. The method of dairri 1 further oo^risTng the 6te(f ' s * ; w 1 
of providing one ericl 6f "the f feer with a surface for ; o 
reflecting fight guided by th^fber. > . * 

3. The method of claJm 1 wh^ein fetep b) further com- 25 ' ' 
priseStfiSstepolirr^ ! 
8irterirte'a6e<3ondo^ : c^fibei^ x ^ r ' ' 

4. The method 0* claim 3 wtiereiii step b) further com- 
prises the steps of: optically superposing the light in so 
the two ojitical f b^rs so aif to develop ari interfej- 

ence zorte, and obs^hg tMibrie sba^^ v 
any change in ptete due fo'aji ojtfca^ 
rjetweehtheliglftin^ 

the medium. ' ~' v ' • •'•' ' -"35' ' 

5. The method of daim i^eVeiri'fte w^ ■ « 
the fiber from fhi nhediun{rA : 6te]5 #is d^ir/ed 1 fffjrri 

their^sensir^^ 

ficientfo^^ ' •■ ; • 

from one side of : ^o^'6l^^^li^-iitMi---' • 
rtafly affecting trie core itself. ' ' '" ; " ' ■ 

6- The method of daim 1 further qbrnprising the step 
of enveloping said selected portion of. the optical 45 
fiber in an, envelope containing a material having a 
known inde* of refraction. 
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(54) nb«ropticlnterferornetric sensor 

(57) An op^ca7f^ interfeft^trfg system includes 
a pair of single-mode, polaxizattai^teervjng fibers 
having distal and proximal enris^friej cladding of a 
selected portion of one of the fibers having been 
removed toajlow an evanescent portion of a light wave 
traveling wHh(n the fiber to interact wfflvany medium sur- 
rounding the selected portion of the fiber. A Bftnt source 
for producing a light of known character is coupled to 
the proximal ends of the pair of optical ,fbere tor Jriro- 
ducfrig a source signal to the pair of ffciera A reflector « 



the distal ends of the optical ffoers reflects the light from 
the distal ends back toward the Dght source. The teturri 
signals are used to construct an irrterferogram which is 
observed to defect any modulation in the the phase of 
the light signals. The modulation is examined ratiometi+- 
calty to derive a change in the index of refraction of trie' 
medium surrounding the selected portion substantially- 
free of any environmentally induced phase noise. ' '. 
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